Abstract We developed a complex dietary supplement designed to offset five key mechanisms of aging and tested its effectiveness in ameliorating age-related cognitive decline using a visually cued Morris water maze test. All younger mice (<1 year old) learned the task well. However, older untreated mice (>1 year) were unable to learn the maze even after 5 days, indicative of strong cognitive decline at older ages. In contrast, no cognitive decline was evident in older supplemented mice, even when ∼2 years old. Supplemented older mice were nearly 50% better at locating the platform than age-matched controls. Brain weights of supplemented mice were significantly greater than controls, even at younger ages. Reversal of cognitive decline in activity of complexes III and IV by supplementation was significantly associated with cognitive improvement, implicating energy supply as one possible mechanism. These results represent proof of principle that complex dietary supplements can provide powerful benefits for cognitive function and brain aging.
Introduction
Cognitive decline afflicts virtually all aging animals and in humans is also associated with neuropathologies such as Alzheimer's (AD) and Parkinson's (PD) diseases (Kausler 1994; Dubois and Pillon 1997; Chen et al. 2001) . Modern industrialized societies face rapidly aging cohorts at high risk for cognitive deterioration and pathology. In the USA, AD afflicts 5.3 million (Alzheimer's Association 2010) and PD ∼1 million people (Parkinson's Disease Foundation, http://www. pdf.org/en/about_pd). Thirteen percent of those older than 65 years of age have AD, and this is the fifth leading cause of death for this cohort (Alzheimer's Association 2010). By 2050, 115 million people worldwide are predicted to have AD . Available treatments amount to several drugs that provide temporary relief or slow progression (Sparks et al. 2005; Kehoe and Wilcock 2007; Relkin et al. 2009 ). Risk of AD may be reduced, however, by antioxidants (Grundman and Denaney 2002; Holmquist et al. 2007; Cole and Frautschy 2010) , healthy diets (Gu et al. 2010) , environmental enrichment (Jankowski et al. 2005; Herring et al. 2008) , and exercise (Adlard et al. 2005) . Preservation of cognitive function into older ages is associated with increased longevity (Barzilai et al. 2006) . Maintaining youthful cognitive functions into older ages would yield great benefits for quality of family life and reduce economic and social costs.
Aging humans display progressive loss of spatial navigation skills (Moffat 2009 ) accentuated in those with even mild AD (Grossi et al. 2007; Hodges 2006; Widmann et al. 2011) . Neurobiological and behavioral manifestations of cognitive decline relevant to humans are shared by several animal models (Gallagher and Nicolle 1993) including those genetically engineered to express attributes of human pathologies such AD (e.g., Adlard et al. 2005; Jankowski et al. 2005; Herring et al. 2008) . Aging rodents are also especially vulnerable to declining spatial memory (Foster 1999) , and this can be quantified by performance in the Morris water maze (MWM) (Brandies et al. 1989; Gallagher and Burwell 1989; Wehner and Silva 1996; Crawley et al. 1997; Adlard et al. 2005; Jankowski et al. 2005) . Learning and memory processes tested by the MWM are considered to particularly assess hippocampal function (Crawley et al. 1997; Foster 1999; Adlard et al. 2005) .
Age-related accumulation of oxidative damage in brain contributes to cognitive deterioration (Nicolle et al. 2001; Dröge and Schipper 2007; Rollo 2009 ), but recently, energy metabolism (i.e., age-related decline in mitochondrial function) has also been highlighted (Navarro and Boveris 2007; Aksenov et al. 2010) . Mitochondrial complex I dysfunction is strongly implicated in PD (Navarro and Boveris 2009) , and complex III is also associated with generation of reactive oxygen species (ROS) relevant to aging (Chen et al. 2004; Muller et al. 2004 ). Complex IV deficiency was recently identified in AD (Lin and Beal 2006; Luques et al. 2007) .
Although boosting electron transport chain (ETC) complexes could improve ATP supply, associated increases in mitochondrial respiration could also elevate oxidative stress. Ideally, effective interventions should benefit mitochondrial function while effectively ameliorating ROS damage. We developed a complex dietary supplement (DSP) designed to target five key mechanisms of aging (oxidative stress, inflammation, mitochondrial function, insulin resistance, and membrane integrity) ( Table 1) . The DSP markedly improved learning in a model of accelerated cognitive aging (transgenic growth hormone mice) (Lemon et al. 2003) and extended longevity of normal mice by 11% (Lemon et al. 2005) . It entirely prevented age-related declines in spontaneous motor activity and elevated brain mitochondrial function (complex III) in old age while reducing the rate of free radical generation. Levels of striatal neuropeptide Y were elevated in supplemented normal mice (Aksenov et al. 2010) . Additionally, the DSP protected mice from oxidative damage associated with aging and radiation (Lemon et al. 2008a, b; Aksenov et al. 2010 ). Previous cognitive benefits of the DSP were demonstrated in transgenic growth hormone mice that express accelerated aging and rapid cognitive decline (Lemon et al. 2003 ). Here we demonstrate equally striking preservation of cognitive functions in aging normal mice using the MWM. Both supplemented and untreated young mice (<1 year old) learned the water maze well. Untreated animals more than 1 year of age, however, showed no evidence of learning even after 5 days (15 trials). In marked contrast, older supplemented mice showed ∼50% better performance than age-matched untreated controls. In fact, learning performance was identical to youth, even for mice ∼2 years of age. Although supplemented mice did not differ in size from controls, both genders had significantly greater mass-specific brain mass than untreated mice.
We previously reported a 56% elevation in activity of mitochondrial complex III activity in brains of supplemented mice by ∼2 years of age (Aksenov et al. 2010) . Similarly, we show here that supplementation achieved a ∼65% increase in complex IV activity by ∼2 years of age. A correlation analysis suggested a linkage between predicted activity of either mitochondrial complexes III and IV (or their summation) and cognitive performance in aging.
These results represent "proof of principle" that complex nutraceutical formulations can profoundly ameliorate normal cognitive aging. This, combined with our earlier results with transgenic growth hormone mice (that express neuropathology similar to AD) (Lemon et al. 2003) , suggests promise for amelioration of human neuropathologies.
Methods

Animals and diets
Breeding and husbandry of mice (random bred C57BL/ 6J_SJL) were previously described (Lemon et al. 2003) . Protocols adhered to the Canada Council on Animal Care. Our DSP contained 30 ingredients (Table 1) available from health food stores without prescription. Daily dosages were derived from recommended human values adjusted for body size and the higher metabolic rate of mice. Supplemented mice received 1 dose/day of DSP that was soaked onto small pieces of bagel in their home cages (details in Lemon et al. 2003; Aksenov et al. 2010) . All mice avidly ate the supplement confirming no issues concerning palatability. Mice were randomly assigned at weaning and for life to either the DSP group or untreated controls. Mice (ages 2-31 months) were randomly selected from control and supplemented populations for various experiments.
Morris water maze
Experimental groups comprised 20 untreated and 17 supplemented mice of both genders (ages 3-25 months). Spatial learning was assessed in a circular pool (D 148 cm) filled with water (27±2°C) rendered opaque by adding powdered milk. Room temperature was 23±1°C. The learning task of the mice was to locate a platform (D 11 cm) submerged 1.5 cm below water surface and positioned about 37 cm from the pool wall. An enclosure around the pool provided distal visual cues for spatial orientation. Mice were lowered gently into the water near the wall of the pool, at two alternating starting locations: One position was in the quadrant directly across from the platform (that is, 180°t o the platform), and the other position was at 90°to platform. A 120-s time limit was allowed to locate the platform. If unsuccessful, mice were guided to the platform and given 30 s to survey visual cues.
Each mouse was tested over five consecutive days with three trials/day separated by a 40-50-min inter-trial interval. A training schedule with inter-trial intervals of 10-60 min may effectively assess long-term memory acquisition in mice (Kogan et al. 1996) . Between-trials mice were dried and placed in cages with a heating pad. Pre-experimental swims (without platform) were conducted prior to the study to reduce emotionality associated with the novelty of swimming and to assess swimming ability (poor swimmers were excluded). Trials were videotaped from above and analyzed using Noldus© EthoVision tracking software to obtain measures of latency to reach the platform and swimming speed.
Brain mitochondrial complex IV activity
We were interested in complex IV activity as it is implicated in Alzheimer's disease (Lin and Beal 2006; Luques et al. 2007 ). Complex III was analyzed previously (Aksenov et al. 2010) . Normal male mice (n=18) were used for mitochondrial studies (not tested in the MWM). Brains were removed on ice and stored at −80°C. For the analysis of complex IV activity (Long et al. 2009 ), assay buffer contained 50 mmol/l phosphate buffer, 0.1% bovine serum albumin, 0.2% Tween-20, and 60 μmol/l reduced cytochrome c. Complex IV was measured by monitoring the decrease of reduced cytochrome C at 550 nm.
Brain weight
Brains were collected from a wide age range (2-31 months) of normal supplemented and untreated male and female mice from the breeding colony (n=182). Mice were decapitated, brains were dissected out, and immediate wet weight was measured. Body mass of each mouse was also recorded, and brain weights were corrected for body mass (e.g., milligrams brain per gram mouse).
Statistical analyses
Effects of diet on learning in young and old mice in the MWM were compared using a t test where latency is reported as mean±SE. Age-related trends in the levels of complex IV activity were described with linear regressions, and slopes and intercepts were compared using an ANCOVA with age as a covariate. Mass-specific brain weights were characterized with linear regression and impacts of diet were distinguished using t test and ANCOVA. Analyses were performed with Statistica® software.
Results
Morris water maze
Learning in the MWM was evaluated by measuring the latency to locate the escape platform on day 1 (trials 1-3) against day 5 (trials 13-15). Latency is reported separately for young (<1 year old) and old (>1 year old) mice to account for effects of age on learning. Mean ages for young supplemented and untreated mice were 6.2 and 6.7 months and for old supplemented and untreated mice were 19.3 and 19.1 months of age, respectively. No gender differences were observed other than females swam on average ∼30% faster than males; however, this was not significantly resolved. Hence, data were pooled for both genders to increase statistical resolution.
As expected, all mice displayed high latency scores irrespective of age group or dietary supplementation on day 1 (i.e., no significant differences were found between young and old or between supplemented and untreated mice) (Fig. 1) . Average latency for all combined groups on day 1 was 81.1±4.5 s. Young mice from both treatments showed a virtually identical decrease in latency on day 5 compared to day 1 (Fig. 1) . Since diet did not affect learning in this age group, young mice were pooled to increase statistical resolution. A reduction in latency from 82.2±8.1 s on day 1 to 46.7±10.1 s on day 5 (improvement of 43%) was significantly resolved (p<0.02) indicating that young mice were successful at learning the maze.
In other studies, some mice employ a search strategy where they circle the pool at a distance from the wall that ensures finding the platform (chaining) (Janus 2004; Patil et al. 2009 ). With further training, Fig. 1 Latency to locate the escape platform in the MWM for untreated (n =20) and supplemented (n =17) young mice (<1 year) and old (>1 year) mice. No gender differences were resolved so genders were pooled. Both treatment groups had high latencies on day 1 irrespective of age. On day 5, young mice from both treatment groups showed nearly identical learning (∼43% improvement) so treatments were pooled to improve resolution (p<0.02). Old untreated mice did not show any noticeable improvement by day 5 (a difference of 8% was not significantly resolved). However, old supplemented mice expressed a level of learning virtually identical to young mice (46% improvement on day 5 compared to day 1, *p<0.05) and a 47% reduction in latency compared to old untreated mice (*p<0.05) such mice ultimately adopt a direct approach to the platform, indicating spatial learning (Patil et al. 2009 ). Examination of paths for our mice suggests specific spatial learning rather than chaining.
Contrary to young animals, the DSP had a significant impact on learning of old mice. For old untreated mice, the latency to locate the escape platform remained largely unchanged from day 1 to day 5 (a difference of 8% was not significantly resolved) indicating that the task was not learned (Fig. 1) . However, supplemented mice showed a 46% significant decrease in latency from day 1 to day 5 (75.7±8.5 to 41.3±12.5 s; p<0.05) (Fig. 1) . This indicates that old supplemented mice successfully learned the maze, unlike the age-matched untreated counterparts. Additionally, latency to locate the platform for old supplemented mice on day 5 (41.3 ±12.5 s) was significantly less that of untreated old mice on the same day (77.0 ± 10.0 s) (p < 0.05) reinforcing the finding that learning only occurred in the supplemented group (Fig. 1) . Strikingly, day 5 performance of old supplemented mice was virtually identical to that of young animals (41.3±12.5 and 46.7±10.1 s, respectively) (Fig. 1) . Hence, it appears that DSP supplementation preserved cognitive function of old mice at youthful levels.
We observed that some animals showed evidence of improvement, but others showed no learning at all (an all-or-nothing pattern). We tested whether the proportion of mice showing no evidence of learning differed between dietary treatments. Mean latency to locate the platform on day 1 (pre-learning trials) was 81 s for the entire population. Therefore, mice with day 5 latency scores greater than or equal to 81 s were considered non-learners since no improvement was seen; all other mice were considered to have learnt the maze to some degree. Based on this modest criterion, ten out of 20 untreated mice (50%) did not learn the maze at all compared to only two out of 17 supplemented mice (12%). Chisquare resolved a significant difference (p<0.05) between the proportion of non-learners and learners between treatments.
Mitochondrial complex IV activity
Impact of the DSP on brain mitochondrial complex IV activity was assessed with respect to age. Regression lines relating complex IV activity to age had virtually opposite slopes for untreated (−0.527) versus supplemented mice (+0.665), and differences in slopes and intercepts for these regressions were statistically differentiated (ANCOVA, covariate=age, slopes: p<0.02, intercepts: p<0.0001, Fig. 2 ). Untreated mice had the highest levels of complex IV when young (∼100 days/old) but then expressed progressive age-related loss that declined to ∼50% that of youthful levels by ∼2 years of age (Fig. 2) . Conversely, supplemented mice showed a steady agerelated rise in complex IV activity and by 2 years of age levels were ∼65% higher than in youth (Fig. 2) . Thus, the DSP not only prevented age-related decline in brain complex IV activity but it also appears to support the increasing activity with age (Fig. 2) .
These findings mirror previous results obtained for complex III activity in brain (Aksenov et al. 2010) . For the 18 mice in the current study, the impact of the DSP on complex III activity was more strongly resolved (ANCOVA; p<0.003) than complex IV (ANCOVA; p<0.02), but both the magnitude and direction of impacts were very similar. Given the linkage of these complexes and their association with free radical generation, we also considered the impact of the DSP on the summed activities of complexes III and IV. ANCOVA obtained a stronger statistical Fig. 2 Age-related patterns of complex IV activity in brain mitochondria for untreated (n=9) and supplemented male (n=9) mice. Slopes of age-related linear regressions differ significantly between supplemented and untreated mice (ANCOVA, covariate=age, slopes differ: p<0.02) indicating that opposite age-related trends between treatments were statistically resolved. Linear regressions: untreated: r 2 =0.272; p=0.150; y=26.303-0.527(age). Supplemented: r 2 =0.437; p=0.052; y=10. 835+0.665(age) resolution for the complex III+IV summation than for either individual complex (p<0.0015).
Brain mitochondrial activity and learning
On advice during review, we explored a possible relationship between activity of brain mitochondrial complexes III and IV and performance in the water maze (impacts of DSP on age-related levels of brain complex III activity were previously reported by Aksenov et al. 2010) . Since measures of mitochondrial activity and learning performance were assessed in different animals, we utilized regression equations to predict mitochondrial complex IV activity for mice of a given age in each treatment group (see Fig. 2 ). We then examined correlations between predicted values of complex IV activity and learning performance in the MWM (i.e., latency to locate escape platform on day 5). The same procedure was repeated for complex III and for the sum of complexes III+IV. Table 2 shows the correlation between complexes III, IV, and III + IV and learning in the MWM. No correlation was found between mitochondrial complex activity and learning in younger (<1 year old) mice (Table 2) . However, for old mice, significant relationships emerged between learning and levels of complexes III, IV, and III+IV activities (p<0.03, p<0.05, and p<0.04; respectively) ( Table 2 ). These results suggest that older mice with higher levels of mitochondrial activity in the brain were better learners.
Brain weight
Mass-specific brain weight (i.e., brain weight corrected for body mass) was collected for 115 supplemented mice and 67 untreated mice of both genders. Mean ages for untreated and supplemented males and females were 17.5, 16.3, 16.8, and 16.8 months, respectively. Body mass of females was 13% less than body mass of males (p<0.00001). However, no difference in body mass was observed between supplemented and untreated mice of either gender, consistent with our previous results (Lemon et al. 2003) . Thus, variation in massspecific brain weights between treatments does not reflect differences in body mass. On average, massspecific brain weights of females were 18% greater than males (p<0.0001). Male mice did not show a significant reduction of brain weight with age in either treatment despite apparent trends (Fig. 3) . Female mice, however, showed strongly significant reductions in brain weight with age in both treatment groups (p<0.001) (Fig. 3) . Female brain weights were greater in youth, but by ∼2 year of age approached those of male mice (Fig. 3) . The DSP was associated with significantly larger brains in both male and female mice. Since no significant age-related trends were established in males, a t test was applied. Mean brain weights of supplemented males were 7% greater compared to untreated controls (p<0.02) (Fig. 3) . For females, mean brain weights were 11% grater if supplemented compared to untreated controls (t test: p<0.02) (Fig. 3) . Since weight of female brains was strongly correlated with age, ANCOVA (covariate= age) was also applied confirming that treatment with DSP significantly increased brain weight across all ages (p<0.001).
Discussion
Morris water maze
The MWM is a standard test of memory and learning for mice and rats and is routinely applied to assess aging and pathology (Crawley et al. 1997; Patil et al. 2009 ). Strains vary in ability on the MWM, which can relate to variation in anxiety or visual acuity (Klapdor Crawley et al. 1997) . We used C57BL/6J-SJL hybrid mice. One advantage of using hybrid strains is that recessive mutations that might confound interpretation show less penetrance (Lee and Silva 2009 ). C57BL/6 mice competently learn the MWM but SJL mice (that may express visual impairment) do not (Crawley et al. 1997) . Visual acuity of our mice was previously confirmed (Rollo et al. 1999; Lemon et al. 2003) , and all mice employed showed intact visual responses. Our previous results with an eight-choice cued maze documented that transgenic growth hormone mice had remarkably superior learning in youth but by about 1 year of age could not learn the task (Lemon et al. 2003) . If supplemented, however, transgenic mice showed no declines but instead learned significantly faster as they aged (Lemon et al. 2003) . Thus, the supplement was highly effective in a model of rapid brain deterioration resembling AD. Results presented here importantly attest that the DSL also strongly offsets normal brain aging.
Fifty percent of all untreated mice showed no evidence of learning even after 15 trials over 5 days compared to only two out of 17 mice in the supplemented group (chi-square: p<0.05). In our previous studies with an eight-choice cued maze, 33% of normal mice (all untreated) also showed no evidence of learning particularly when older. Learning of both tasks tends to be an all-or-none phenomenon, mice either expressing steady incremental improvement or little progress (Lemon et al. 2003; Chaudhry et al. 2008; Rollo et al. 1999) . It is all the more remarkable then that older supplemented mice effectively learned the MWM, achieving a 46% reduction in latency to reach the hidden platform by day 5 (Fig. 1 ). It appears that the DSP does not simply improve cognition but actually enables learning in a large proportion of mice that might otherwise not learn. Moreover, the threshold nature of this learning suggests that higher-order processes associated with "insight" may be favored by the supplement. Cognitive decline is one of the most reliable biomarkers of aging in animals (Carney et al. 1991; Rollo 2009 ). Thus, prevention of cognitive decline in normal animals spanning ages of 12 to 27 months attests to great efficacy of the supplement (Fig. 1) . Fig. 3 Mass-specific brain weight of untreated (n=73) and supplemented (n=32) male and untreated (n=42) and supplemented (n=35) female mice with respect to age. Age-related regressions for brain weight of male mice were not significant: untreated males: r 2 =0.043; p=0.081; y=15.247-0.056(age); supplemented males: r 2 =0.035; p=0.308; y=16.238-0.061 (age). Mean mass-specific brain weight of supplemented males was 7% greater compared to untreated controls (t test: p<0.02). Age-related regressions for brain weight of female mice were negative and significant for both treatment groups: untreated females: r 2 =0.239; p<0.001; y=20.405-0.240(age); supplemented females: r 2 =0.290; p<0.001; y=21.814-0.215(age). Mean mass-specific brain weight of supplemented females was 11% greater compared to untreated controls (t test: p<0.02). Since brain weight was significantly correlated with age in females, ANCOVA (covariate=age) was also applied and returned a significant difference (p<0.001) between supplemented and untreated females. Mean mass-specific brains weight of female mice was 18% greater compared to male mice (t test: p<0.0001)
We recently documented that our DSP prevented declines in spontaneous motor activity that, like cognition, is regarded as a fundamental biomarker of aging (Aksenov et al. 2010) . This raises the possibility that supplementation could change swimming speed which can confound results for the MWM (Klapdor and van der Stay 1996) . Mean swimming speed, however, proved virtually identical on either treatment. Given that exercise can benefit cognitive function (Ding et al. 2006; Kramer et al. 2006) and spatial learning (i.e., MWM; Adlard et al. 2005) , however, increased spontaneous activity could synergize with the DSP to maintain youthful cognition into advanced ages.
Mitochondrial function
Maintaining effective mitochondrial function was a specific design criterion for our DSP (e.g., α-lipoic acid, acetyl-L-carnitine, B vitamins, coenzyme Q10, maintenance of mitochondrial membranes, and general antioxidant protection). Strong alterations in mitochondrial function indicate that effective dietary components penetrate the blood-brain barrier and impact mitochondria (key criteria sought for antiaging interventions). We previously reported that untreated mice experienced 46% loss of complex III activity in brain by 2 years of age whereas mice supplemented with the DSP showed a 56% increase (Aksenov et al. 2010) . Two-year-old mice had 85% greater complex III activity if supplemented (Aksenov et al. 2010 ). Here we document a similar age-related pattern for complex IV. Untreated mice showed 40-50% loss of complex IV activity between 3 and 24 months of age (Fig. 2) . In contrast, supplemented mice expressed a 65% gain in complex IV activity between 3 and 24 months (Fig. 2) . Nutrients altering mitochondrial activity can impact numerous brain functions by modulating ATP availability (GomezPinilla 2008) . We know of no other intervention so strongly impacting mitochondrial activity.
Activity of mitochondrial ETC complexes and ATP production generally decline with age (Navarro and Boveris 2007) , and declining complex IV activity is a particularly reliable biomarker of aging associated with cognitive loss (Navarro and Boveris 2007) . Neurodegenerative conditions (e.g., AD) are also characterized by mitochondrial dysfunction and declining complex IV activity (Albers and Beal 2000; Lin and Beal 2006) . Selective reduction of complex IV in rat primary hippocampal neurons results in neuronal death (Atamna et al. 2002) . Whether AD is a specific pathology or simply an extreme manifestation of normal senescence remains debatable . Although previous aging theory highlighted free radical damage as a primary cause, mitochondrial dysfunction and energy shortfalls may contribute to both normal and pathological cognitive declines. Indeed, learning and activity of ETC complexes (III, IV, and III+IV) were positively correlated in mice more than 1 year old (Table 2) . Hence, it appears that mitochondrial function is linked to cognitive capacity in old age.
We found no correlation between activity of either complex III or IV and learning of the MWM in young animals ( Table 2 ). Supplemented mice actually showed lower levels of complex IV (Fig. 2 ) and complex III (Aksenov et al. 2010 ) activity in youth although this did not compromise cognition (see: Fig. 1 ) or levels of physical activity (Aksenov et al. 2010 ).
Brain size
Brain size is positively associated with intelligence in humans (Andreasen et al. 1993) , and growth hormone transgenic mice that have larger brains also had vastly superior learning on an eight-choice visually cued maze and novel object recognition and memory tests (Lemon et al. 2003; Chaudhry et al. 2008) . Rodents selected for larger brains (and associated increases in body size) also display enhanced learning (Herman and Nagy 1977) . Early studies noted great individual differences with respect to aging of human brains (Creasey and Rapoport 1985) suggesting interventions are possible. Reduction in size of most major brain regions occurs in aging resulting in significantly reduced brain mass (Murphy et al. 1992; Allen et al. 2005) .
Both our supplemented and untreated mice showed diminishing mass-specific brain weight with age, particularly in females (that also had larger relative brain size than males in youth) (Fig. 3) . Supplemented mice maintained larger brains than controls throughout life and in old age brains of supplemented mice were 7% larger in males (p<0.02) and 11% larger in females (p<0.02) (Fig. 3) . Hippocampal function critical to memory is exceptionally sensitive to aging (Kausler 1994; Apostolova and Thompson 2007) . The MWM test is considered to test hippocampal function (Vorhees and Williams 2006) . Neurodegeneration of the hippocampus is widely implicated in the loss of spatial memory (navigation skills), dementia, and AD (Foster 1999; Apostolova and Thompson 2007) . In AD, the rate of hippocampal atrophy is 3.5-4%/year, exceeding the ∼1.6%/year loss observed in normal aging by nearly 3-fold (Jack et al. 1998 (Jack et al. , 2000 . For normal aging and neurodegenerative conditions alike, diminishing hippocampal volume is correlated with atrophy of other brain regions, increasing ventricular space and diminished brain volume (Scahill et al. 2003; Apostolova and Thompson 2007) . Consequently, brain size is a strong predictor of cognitive decline, hippocampal degeneration, and risk of AD (Scahill et al. 2003; Jack et al. 2004) . It is likely that the DSP benefited aging hippocampal function.
Complex dietary supplements
A supplement containing 18 vitamins and micronutrients was found to improve cognitive functions in healthy elders other than for long-term memory (Chandra 2001) ; ten of these are contained in our DSP. Esposito et al. (2002) reviewed literature on antioxidant treatment of various neurodegenerative diseases. Of 13 materials mentioned, our DSP contains eight. In a compilation of nutrients positively impacting cognitive functions, 13 of those identified are present in our DSP (Gomez-Pinilla 2008) . A study providing omega 3 fatty acids combined with iron, zinc, folate, and vitamins A, B6, B12, and C to children (five of these are in our DSP) obtained improved scores on tests of verbal intelligence, learning, and memory (Osendarp and the NEMO Study Group 2007). Such results were considered indicative of synergism among ingredients (GomezPinilla 2008) . A meta-analysis of studies administering supplements to children that contained at least three ingredients found a marginally significant improvement in fluid intelligence (reasoning) and a significant improvement in academic performance (Eilander et al. 2010 ).
Zahs and Ashe (2010) compiled a list of interventions that positively impact AD symptoms in APP mouse models. Fourteen of the dietary interventions listed are in our DSP. Human subjects with mild AD showed improvement in the delayed verbal recall task after just 12 weeks on a complex dietary supplement which shares 14 ingredients with our DSP (Scheltens et al. 2010) . Of 20 materials considered of possible value in Alzheimer's in an authoritative review, 12 are in our DSP (Pocernich et al. 2011) . Several reviews have suggested that multiple supplements promise to yield the greatest benefits (e.g., Esposito et al. 2002; Pocernich et al. 2011 ). Our results demonstrate proof of this principle.
Diets high in fruit and vegetables also positively impact brain aging and behavior, but none shows the magnitude of benefits we have documented in this and previous papers (Shukitt-Hale et al. 2008; Joseph et al. 2009 ). The particular value of specific plants or dietary mixes of fruit and vegetables not only reflect specific content (i.e., flavonoids) bur likely involves interactions and additive effects. Most ingredients in out DSP occur naturally in foods and spices. Unlike normal meals, the DSP combines ingredients specifically targeted to five mechanisms of aging and provides these in relatively concentrated form.
Conclusion
Despite generally disappointing results in studies applying one or a few dietary supplements, our results show that complex supplements can powerfully impact brain aging in normal animals as well as neuropathology in a transgenic mouse. The DSP had a relatively broad spectrum of actions: It augmented mitochondrial function, increased mass-specific brain weight, and markedly improved cognitive abilities in old age. Our previous studies demonstrated that it elevated expression of brain neurotransmitter systems and ameliorated age-related motor decline (Aksenov et al. 2010) . Such effects likely emerge from additive, synergistic, and recycling interactions among ingredients and the fact that the DSP was designed to ameliorate multiple mechanisms of aging. Since materials in DSP are available in health food stores, a large sector of the aging human population could obtain nearly immediate access should human trials confirm safety and benefits.
